In the Iberian Pyrite Belt (IPB), southwest Spain, a prolonged and intense mining activity of more than 4,500 years has resulted in almost a hundred mines scattered through the region. After years of inactivity, these mines are still causing high levels of hydrochemical degradation in the fluvial network. This situation represents a unique scenario in the world, taking into consideration its magnitude and intensity of the contamination processes. In order to obtain a benchmark regarding the degree of acid mine drainage (AMD) pollution in the aquatic environment, the relationship between the areas occupied by the sulfide mines and the characteristics of the respective effluents after rainfall was analysed. The methodology developed, which includes the design of a sampling network, analytical treatment and cluster analysis, is a useful tool for diagnosing the contamination level by AMD in an entire metallogenic province, at the scale of each mining group. The results presented the relationship between sulfate, total dissolved solids and electrical conductivity, as well as other parameters that are typically associated with AMD and the major elements that compose the polymetallic sulfides of IPB. This analysis also indicates the low level of proximity between the affectation area and the other variables.
INTRODUCTION
Acid mine drainage (AMD) is one of the most serious types of water pollution, because of its nature, extent and difficulty of resolution (Azcue ) , as well as because of the economic costs of remediation (Commonwealth of Pennsylvania ).
The AMD is a very complex problem affecting mining regions at a worldwide level. The most affected countries are the United States and Canada, although this problem also occurs in many regions in South America, Africa, Europe and Australia, whenever there are exploitations of sulfide deposits.
The focus of the present study is the Iberian Pyrite Belt (IPB), located in the southwest of Europe (Figure 1 ). This metallogenic province is over 230 km long with an average of 50 km width from the northwest of Seville to the south of Lisbon. This geological formation is one of the world's largest deposits of sulfides (Leistel et al. ) with estimated total reserves of about 1.7 billion tons, of which about 20% have already been exploited and between 10% and 15% has been dismantled by erosion (Barriga & Carvalho ) .
The IPB has been exploited by humans for over 4,500 years (Leblanc et al. ) . The intense mining activity has brought extraordinary high levels of hydrochemical degradation. The magnitude and intensity of the contamination process create a unique fluvial scenery, widely described in the scientific literature over the last 20 years (Davis et Grande et al. a) .
In the study area there is the Alcolea Dam Project, which should be built at the confluence of the Oraque and Odiel Rivers, both heavily polluted by AMD processes. Therefore, the future water reservoir may be affected by low pH and high concentrations of toxic metals (Olías et al. ) . This reservoir will receive AMD-affected waters from 45 mines, subject to the processes described by Grande et al. (b) . Moreover, the Water Framework Directive of the European Union and the Hydrological Plan of the Tinto, Odiel and Piedras River Basins forces the Odiel river to reach fish quality by the year 2027. Based on this, it is essential to have an accurate definition of the contamination level of the river network at the scale of each mining source. This will be a starting point for any intervention aimed at correcting ancestral impacts over the aquatic environment, caused by the mining activity prior to the enforcement of the environmental regulations.
MATERIALS AND METHODS

Cartography of AMD-contaminating sources
The methodological approach included the elaboration of an inventory of the existing sulfide mines in the IPB and the determination of the areas affected by the different types of mining structures.
To obtain the mining inventory, a comprehensive review of history and mining, mapping and socioeconomic backgrounds was carried out. The layout of the surfaces occupied by various types of mining structures was set up through the use of different topographical, geological and photographic elements. The working plan was completed with field campaigns that allowed comparison, at ground level, and updating the elaborated cartography, to finally, obtain the global affected areas. For each mine group, it performed an estimation of the areas occupied by the following types of structures: open pits, tailings dams, waste dumps and mining facilities (Pérez-Ostalé et al. ).
Sampling and analysis
The sampling network for leachates comprised a sampling point at the base of the waste dumps, established for each mine. The two currently operating mines were not included in the sampling program: 'Aguas Teñidas' and 'Cobre las Cruces'. Within the current environmental legal framework they must achieve zero polluted discharge into tributaries by recycling the water used in the mining process, and/or obtain a permit for the discharge into the river network. To achieve these goals, they have to implement water treatment systems, and not to generate leachate affected by AMD.
The sampling campaign was performed during the hydrological year 2012/2013, in March 2013, coinciding with the rainy season. This sampling period was defined in order to assure the existence of leachate in all the mining areas, including in small waste dumps where leaching occurs only briefly after rain.
The pH, temperature, electrical conductivity and total dissolved solids (TDS) were measured in situ using a multiparametric portable device (CrisonMM40). At each point, two samples of water were taken in polyethylene sterilised containers of 100 and 200 mL. Nitric acid at 1% concentration was added to the 200 mL sample in order to maintain the pH below 2 and prevent precipitation of metals. The other sample remained without being acidified for subsequent analysis of sulfate concentration. The samples were placed at 4 W C in a portable cooler for transportation to the laboratory. There, water samples were filtered with cellulose nitrate filters of 0.45 micron (Sartorius 11406-47-ACN) and then stored in polyethylene containers sealed in a refrigerator at a temperature between 1 and 4 W C.
To determine the concentration of sulfate, a photometer manufactured by Macherey-Nagel's (Photometer FP-11) was used. Metal and arsenic concentrations were determined using AAS Perkin-Elmer Atomic Absorption Spectrophotometer (AAnalyst model 800) equipped with a flame spray of air-acetylene, and with a graphite furnace. All used reagents were of analytical grade or supra-pure quality (Merck, Darmstadt, Germany). The standard solutions were Merck Certificate AA (Merck). In all experiments water Milli-Q (Distiller AC-L4 Ivymen Optic System) was used.
Statistical methods
The database corresponding to the physical-chemical results obtained for each mine, as well as the information about the respective global areas, were combined in a matrix for statistical treatment by using STATGRAPHICS Centurion XVI software.
The first step consisted of a statistical summary, followed by a cluster analysis as a method widely implemented in the characterisation of AMD affected water environments (Grande et al. ; de la Torre et al. ; Santisteban et al. ) . This method has been proven as a highly effective tool for environmental diagnosis and for the establishment of cause and effect relationships.
Among the various methods for development and formulation of dendrograms from the correlation matrix, the Ward method was chosen because it has been widely used and gives the most coherent results. At each stage, the obtained clusters are those which produce the smallest increase in the total sum of distances within the cluster (Bisquerra ). Thus, through this technique, the studied variables can be classified into different categories. The closer measure used is the Euclidean distance, which is the square root of the sum of differences between the square variables.
RESULTS AND DISCUSSION
Affected areas Figure 1 shows the location of the 88 sulfide mines that were inventoried along the Spanish sector of the Iberian Pyrite Belt. For each of them, the areas occupied by waste dumps, open pits, tailings dams and mining facilities were mapped and quantified. The affected areas by different sources of AMD pollution, in each of the mining groups, are presented in Table 1 . They are grouped according to the river basin where they discharge acidic water.
The Odiel river basin shows the greater number of exploitations. Here, there are 53 mines with very different sizes, from mining complexes such as 'Riotinto' and 'Tharsis', which exceed 1,000 ha and 500 ha, respectively, to exploitations that barely reach 300 m 2 . The Chanza river basin covers 20 mines, which occupy small areas in most cases. The Tinto river basin includes 'Riotinto' as the exploitation with the most important area, followed by 'Peña del Hierro' and 11 small-scale exploitations. In the Guadiamar river basin there are only three mines, of which 'Aznalcóllar' and 'Cobre las Cruces' are those with larger areas throughout all the IPB behind Riotinto.
In total, there are over 4,852 ha affected by sulfide mining operations in the Spanish sector of the IPB (Table 1) . Two of the waste dumps are occupying 3,040 ha, which represent 63% of the affected area. Then, there are 826 ha of tailings dams (17%), 707 ha of open pits (14%), and 279 ha of mining facilities (6%). The Odiel basin has the highest total value (2,306 ha), followed by Guadiamar (1,344 ha), Tinto (1,081 ha) and Chanza (121 ha). 
Statistical summary
The statistical summary shown in Table 2 shows a total of 82 points corresponding to the sampling network. The results of five small exploitations where leachate was not found during sampling are not recorded. Also, there are no results from the two currently operating mines because they are not producing acidic discharges, as discussed previously.
In relation to the average values, the data related with area show the higher value (up to 51 ha), allowing for the representation of large mining groups such as 'Riotinto', 'Tharsis' or 'Aznalcóllar', as well as others with small areas. With respect to the metal concentrations, the average Grande et al. () led to different results. These studies were based on a daily sampling in points linked to a generating source during a hydrological year. In the present study, all the parameters indicate a level of contamination lower than mentioned in the cited works.
The reason for such difference may lie on the sampling period that was performed in the rainy season, to obtain leachates from the all mines. Furthermore, the chosen distance for the sampling points in this study is different from the study of de la Torre et al. () . Effectively, the greater proximity to the generating source of these sampling points, located at the base of the waste dumps, make up a scenario in which the affected waters have suffered a minor oxidation process. In this scenario, the Fe 2þ ion released by the initial reactions of oxidation of sulfides, in order to give hydrogen-ions and to drop pH, causes the appearance of ferrous oxide, which downstream in a highly dynamic and oxidising environment becomes ferric. Such a chain of processes releases new protons and increases the acidity, allowing higher dissolution of heavy metals present in the generator environment as particulate matter. In such a way, it would justify the existence of a higher concentration of metals downstream as a result of the decrease of pH by hydrolysis of iron. Moreover, other constraints have to be considered. For instance, in the present study, the results correspond to a single sampling day, as it is impossible to sample all exploitations simultaneously. Also, the previous studies concern only the Riotinto mines, which is a single mining exploitation with large waste dump areas (1,000 ha) associated with a single mineral paragenesis although with slight variations within the exploitation area. In contrast, in the present case, the AMD sources are linked to a large metallogenic province with very marked regional variations in the ore composition. There are also large distances between exploitations (over 80 km), which within the same climatic region may receive different intensity of precipitation in the days before sampling. The waste dumps of each mine have large differences in morphometry and composition according to the site, as a result of the geological characteristics of each deposit and the proportion of waste rock. In addition, depending on depth of the mineral deposit, on the type of mining operation used, cut-off grade, among other factors, there are considerable differences between the waste dumps.
It would be also difficult to justify zero values of metal concentration, which actually represent those samples in which the concentrations are below the detection limit, such as copper, lead, cadmium, zinc, cobalt, nickel, aluminium, and arsenic. The reason is explained in terms of climatic conditions. In the case of small waste dumps, where the sampling was taken after a week of heavy rain, all solubilised elements have already been washed up.
Cluster analysis
The obtained results from cluster analysis are reflected in the dendrograms of Figures 2 and 3 . The physical-chemical parameters and metal concentrations of the effluents are related to the areas of AMD generation, as expeditious innovative method for analysing the contamination degree of the IPB. Figure 2 shows the dendrogram corresponding to the clustering of all variables, displaying two major subclusters. The first one shows the electrical conductivity grouped together with the pair sulfates-TDS, while the second one groups the rest of the variables. This subcluster shows the good nature of sampling process and analysis because it is adjusted to what is recorded in the science literature (Lyew & Sheppard ; de la Torre et al. ; Grande et al. ). In fact, the sulfates and the TDS are the major reason for the conductivity variations. This happens in the absence of chlorides, which could mask the dependency relationships between conductivity and sulfates, as usually happens in estuarine environment within the tidal influence zone in coexistence with AMD processes (Grande et al. ) .
For a better definition of the relationships between the parameters of this second subcluster, another subcluster was generated (Figure 3) , by removing the conductivity, the TDS and the sulfates. Figure 3 presents the variables under study grouped into two large families. In the first family, the pair Cu-Mg is integrated with the area and, in turn, with the pair Fe-Ca in a more distal way. The second family shows two new groups: the first, with very high coefficients of correlation, including the lead, arsenic, aluminium, antimony, and cobalt, while the second group, with more discrete ratios of proximity, assembles the zinc with the pH and, in turn, with manganese at greater distance.
The explanation of the first subcluster is based, from a compositional point of view, on the fact that iron and copper represent the major composition of the polymetallic sulfides of IPB (de la Torre et al. ). They appear in all mineral associations, which make it more difficult to carry out mathematical discrimination through the use of the cluster tool. At the same time, the reason of proximity of Cu-Fe with Mg-Ca might be caused by the fact that both magnesium and calcium are directly related to the composition of the waste rock. In such an acid environment, these result from the dissolution of host rocks from some facies of Culm.
The lowest level of proximity is found between the affected area and other variables. Apparently this is a contradictory fact because a correspondence between higher area and largest concentration of metals and sulfates, with lower pH, was expected. However, the concentration of metals and sulfates is not dependent on the size of the waste dumps, but is controlled by factors such as the time that rainwater endures, composition and mineral amount existing in the waste dumps. Therefore, there are highly contaminated leachates by AMD coming from small mines. In contrast, the total load of pollutant discharges, not evaluated in this study, should be directly related to the size of the waste dumps for similar compositions, granulation and climatology (Sáinz et al. ) .
In the second subcluster, the relation between manganese and the rest of the variables can be explained based on the geological and mining contexts of the IPB. Although manganese does not belong to the same mineral association as sulfides, its geographical framework within the IPB causes the streams that are already affected by AMD to cross zones with deposits or waste dumps of manganese mines. Thus, weathering of manganese host rocks by acid leachates justifies its incorporation in water environment. Figure 3 indicates discrete and moderate reason of proximity between pH and Zn and the total of dissolved metals, and moreover, their poor correlation with sulfates, TDS and conductivity. The explanation of this phenomenon can be found by analysing the results presented by Grande et al. (a), and Lyew & Sheppard () . The study by Grande et al. (a) evidenced the existence of correlation between pH and conductivity, which was not underlined before as a result of wider and lower sampling intervals than the required time for a response of pH to the intervention of the rain stimulation. In the present case, it is necessary to take a measure for each variable and integrate them into the data matrix for a statistical treatment with cluster analysis. In such a way, the true proximity relationships between pH and conductivity 'escape' from the analysis and, consequently, they appear in two different groups.
In the present geochemical context, the pH-Zn pair may suggest the influence of pH in the superficial reactions, such as adsorption of zinc on phases with high level of specific surface, mainly clay. As noticed by Valente et al. () , zinc occurs in higher concentrations in sediment samples with higher proportion of clay of smectite type.
The last family within the subcluster is composed of metals that are typically associated with fluvial contamination by AMD (Grande et al. , b) , such as Pb-AsSb-Ni-Cd-Co.
The association with aluminium, which does not belong to the composition of the sulfides but integrates the minerals of the host rock, suggests that clay minerals, coming from supergenic neoformation may control the mobility of these elements, as observed by Borrego et al. () .
CONCLUSIONS
The results presented in this study highlight a strong transformation suffered by the Iberian Pyrite Belt territory as a consequence of intense and prolonged mining activity developed throughout history, particularly in the second half of the 19th century. There are 88 sulfide exploitations scattered throughout the region, occupying more than 4,852 ha. The waste dumps, which represent 63% of the degraded surface, together with the tailings dams (17%), open pits (14%) and mining facilities (6%) are the sources of pollution and discharge of acid leachates. Even after the closure of mining exploitations, and due to the lack of preventive and/or corrective measures, these leachates are loaded with toxic metals, which are mobilised into the watercourses that cross the area.
The statistical summary provided a global picture of the degree of water contamination associated with the sulfide mining activities carried out in the IPB. This is innovative by its content, because there is no scientific background that defines a whole metallogenic province at this scale of detail. Moreover, the results gave detailed information about the level of contamination revealed by each variable in a wide framework. Such information provided evidence of the existence of cause and effect relationships between processes (area of exploitation as a generating source) and results (contamination level of the water denounced by the pH, metal and sulfate concentrations).
The cluster analysis defines graphically the physicochemical behaviour of the environment affected by AMD near generating sources. It presented the relationship between sulfate, TDS and electrical conductivity, as well as other parameters that are typically associated with AMD and the major elements that compose the polymetallic sulfides of IPB. This analysis also indicates the low level of proximity between the affectation area and the other variables. This observation demonstrates that the concentration of metals and sulfate does not depend on the size of the waste dumps.
The global methodology, including the design of the sampling network, its execution, analytical treatment of samples and subsequently the use of cluster analysis, reveals it to be a useful tool for diagnosing the level of AMD contamination of the river network in the entire metallogenic province. The used tools and methodology are easily transferable to other sectors affected by similar processes and problems. Moreover, in the framework of this study, the detailed knowledge concerning the degree of contamination of the channels, will allow more responsible management of the water resources in the region. The obtained data may be useful for planning strategies oriented to the preservation and the improvement of the river network within the framework of the environmental European Union regulations.
